This paper describes experiments in which cytosolic Ca2+ concentrations ([Ca2+]) and catecholamine release were measured in two populations of chromaffin cells stimulated with a solution enriched in K+ (100 mM). Once depolarized, external Ca2+ or Ba2+ ions were offered to cells either as a single 2.5 mM step or as a ramp that linearly increased the concentration from 0 to 2.5 mM over a 10-min MATERIALS AND METHODS Cell Culture. Mixed populations of bovine adrenal medulla chromaffm cells were prepared according to Moro et al. (14). Cells were plated on 15-cm diameter Petri dishes (Falcon) or on 1-cm diameter coverslips and incubated in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% fetal calf serum, penicillin G (50 units/ml), streptomycin (50
[Ca2+], at a given time; they are compatible with the following conclusions: (i) A steep extracellular-to-cytosolic Ca2+ gradient is required to produce a sharp increase in the [Ca2+] , at exocytotic sites capable of evoking a fast but transient secretory response. (ul As a result of Ca?t+-dependent inactivation of Ca2+ channels, those high [Ca2+] , are pmossible only at early times after cell depolarization. ( iii) The Ca?+-dependent supply of storage granules to the secretory machinery cooperates with the supply of Ca2+ through Ca2+ channels to regulate the rate and extent of secretion.
Exocytosis in chromaffin cells is accompanied by an increase in the cytosolic Ca2+ concentration ([Ca24] ,) (1, 2) . The questions of how much the [Ca2+]i must rise to promote the fusion of the chromaffin granule membrane with the plasma membrane and what factors control such an increase remain unresolved. Chromaffin cells have =2000 L-type Ca2+ channels and 18,000 w-conotoxin-sensitive Ca2+ channels per cell (3) (4) (5) (6) . This means that in the presence of an extracellular Ca2+ concentration ([Ca2+]0) of 2.5 mM a depolarizing stimulus may lead to [Ca2+] , increments of >100 ,uM in 1 s (7) .
Thus, at earlier depolarization times, the [Ca2+]j achieved might be several orders of magnitude higher than those depicted through the spatially averaged measurements of the cation concentrations (around 1 ,uM) using fluorescent probes (1, 2, 8, 9) ; they are also significantly higher than those estimated to elicit exocytosis from electropermeabilized chromaffin cells (10) . Through the pipette dialysis of Ca2+/ EGTA buffers into single chromaffin cells (11) and by loading a low sensitivity Ca2+-dependent photoprotein (12) or alien Ca24 chelators (13) (14) . Cells were plated on 15-cm diameter Petri dishes (Falcon) or on 1-cm diameter coverslips and incubated in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% fetal calf serum, penicillin G (50 units/ml), streptomycin (50 ,ug/ml), gentamicin (30 ,.g/ml), and 10 ,uM cytosine arabinoside. Cells were maintained 3-4 days before the experiment in an incubator with an atmosphere of 5% C02/95% air at 370C. Calcium Ramps. A device consisting of four compartments, A, B, C, and D, was used to offer Ca2+ to cells as linear ramps (see Fig. 1 [Ca2+], = Keff(R -Ro)/(Rl -R), [1] where Keff is an "effective binding constant", Ro is the fluorescence ratio at zero Ca2+, and R1 is the limiting ratio at high Ca2+. These calibration constants were experimentally determined as described by Almers and Neher (17) . Briefly, three intracellular calibration measurements were made in different cells dialyzed in the whole-cell configuration of the patch-clamp technique (18) , with various EGTA/Ca2+ buffers added to a pipette filling solution containing 135 mM potassium glutamate, 8 mM NaCl, 1 mM MgCl2, 0.3 mM GTP, 0.5 mM MgATP, 0.1 mM fura-2 (pentapotassium salt), and 10 mM Hepes/KOH at pH 7.2. The additions were either 10 mM EGTA or 10 mM CaC12, and the Ro and R1 values, defined as above, were measured directly in the cells. Finally, the Keff was calculated from Eq. 1 by making a third measurement of the fluorescence ratio from a cell injected with a solution containing 6.6 mM Ca2+/EGTA plus 3. 
RESULTS AND DISCUSSION
Two modes were used to offer Ca2+ or Ba2+ to chromaffin cells previously superfused with a Ca2+-free solution. In each individual experiment, after the usual 60-min equilibration period with normal Krebs/Hepes solution, cells were deprived of Ca2+ for 5 min by superfusing them with a 5.9K+/ OCa2+ solution. Then, they were exposed to a depolarizing solution (100 mM K+) that contained 2.5 mM Ca2+ or Ba2+; we call this a Ca2+ or a Ba2+ step. The second mode of offering Ca2+ or Ba2+ consisted of an increasing ramp, starting from nominal 0 mM CaO+ or BaO+ and ending at the 2.5 mM concentration after 10 min, always in the presence of 100 mM K+; we call this a Ca2+ or a Ba2+ ramp. The steps, or ramps of divalent metal cations were applied by using the device shown in Fig. 1 .
After superfusing cells with 5.9K+/OCa2+ for 5 min, and immediately before application of the Ca2+ step, the rate of basal secretion ofcatecholamines (mean + SEM; n = 35) was 15 ± 2 ng/10 s. In the experiment shown in Fig. 2A , the Ca2+ step produced a quick enhancement of secretion (peak of 1190 ng/10 s) followed by a decline to basal levels with a ti/2 of =60 s ( Fig. 2A) . In eight different cell preparations, the average peak secretion was 828 ± 92 ng/10 s. Secretion was similar in cells loaded with fura-2 (data not shown). The transient nature of adrenal medullary catecholamine release upon sustained depolarization of chromaffin cells is a wellestablished phenomenon in intact perfused feline (19, 20) and bovine (21) glands. However, in the present experiments with isolated chromaffin cells, the activation and inactivation of secretion were faster and produced sharper peaks. In particular, secretion inactivated completely in isolated cells, whereas in intact organs, secretion remained above basal levels for substantial time periods.
The Ca2+ step produced a cytosolic Caf+ transient that closely matched the profile of the secretory curve in both its activation and inactivation components ( (Fig. 2B) . In some experiments, the Ca2W ramp produced peaks as small as 100 ng/10 s; thus, the rate of secretion was 4-to 10-fold smaller when CaO+ was offered to cells as a ramp, as compared to the secretion peaks obtained with Ca2+ steps.
During the Ca2+ ramp, [Ca2+]i increased slowly to a plateau around 300 nM, which remained stable for the 10-min period of duration of the ramp (Fig. 2B) . The secretory behavior and these changes of [Ca2+]i in chromaffin cells exposed to Ca2+ ramps can be explained as follows. The strong depolarizing stimulus (100 mM K+) depolarizes chromaffm cells close to 0 mV (7), leading to the prompt recruitment of most highthreshold Ca2+ channels (3) . Early in the ramp, the cells see a calculated [Ca2+lo in the range of 20-50 AM; this could be enough to create a [Ca2+]i underneath the plasmalemma high enough to cause exocytosis of the pool of vesicles already prepared to undergo secretion (docked vesicles) (11) . However, this small Caj+ gradient is insufficient to cause the Ca?'-dependent transport of new vesicles from inner parts of the cells to the exocytotic sites; in this manner, the readily releasable pool is depleted and secretion ceases. As the ramp progresses, the CaO+/Ca?+ gradient increases slowly; but Ca2+-dependent inactivation of Ca2+ channels and Ca?-+ buffering systems prevent the development of [Ca2+]j increases high enough to sustain vesicle transport and further exocytosis. To test this hypothesis, we performed experiments using Ba2+, a Ca2+ surrogate that causes little inactivation of chromaffin cell Ca2+ channels (7, 23, 24) and induces a large secretory response from chromaffin cells (25, 26) . In addition, Ba2+ exhibits a poor affinity for the Ca2+ pump (27, 28) and probably also for intracellular buffering systems (29) .
A Ba2+ step caused a rapid activation of secretion to a peak of 603 + 83 ng/10 s (n = 3; Fig. 2C ). The time until the peak (30-40 s) was longer than with Ca2+, but the size of the peak was similar to the average secretion peak induced by Ca2+ steps. The rate of secretion declined much more slowly than in the case of Ca2+; thus, the overall secretion was substantially higher in the case of Ba2+. These differences were even clearer when using Ba2+ ramps; after a delay of 1 min, the rate of catecholamine release increased slowly to reach a plateau of451 ng/10 s within 200 s of starting the ramp. The secretion rate remained stable at this plateau until the end of the ramp. It is worth noting that during the entire Ba2+ ramp, the overall catecholamine release amounted to 16,853 + 3577 ng (n = 3), which was 6 times higher than the average secretion obtained with Ca2+ ramps (2796 ± 165 ng; n = 5). Since other vesicle components (ATP and diadenosine tetraphosphate) are coreleased with catecholamines in the presence of Ca2+ or Ba2+, the underlying exocytotic mechanism seems to be similar for both cations (26) . The sustained catecholamine release observed with Ba2+ is compatible both with a poor inactivation of Ca2+ channels when Ba2+ was used as the permeant cation and with a sustained Ba2+-dependent supply of chromaffin vesicles to the exocytotic sites. Because the entry of Ba2+ does not inactivate in K+-depolarized chromaffin cells (7), the observed sustained secretion likely depends more on vesicle transport than on the supply of Ba2+ through Ca2+ channels.
The 5-min period of repolarization, secretion recovered to the initial levels (Fig. 3A) . In Fig. 3B , the results obtained with Ba2+ steps are shown. The first Ba2+ step produced a peak of catecholamines of 642 ng/10 s, which inactivated only partially after 5 min. The second Ba2+ step produced a peak of 180 ng/10 s, which did not inactivate. After the 5-min repolarization period, the Ba2+ step produced an even greater secretion peak (371 ng/10 s). Fig. 4 shows the results obtained with Ca2+ and Ba2+ ramps. The initial Ca2+ ramp produced a small secretory peak (133 ng/10 s), which was similar in the subsequent Ca2+ step (Fig. 4A) . However, after repolarizing the cells, the Ca2+ step induced a sharp secretory peak of 1281 ng/10 s. In the case of Ba2+, the ramp produced a slowly developing and slowly inactivating secretory response (Fig. 4B) . After 5 min in 0 mM Ca2+/0 mM Ba2+ solution, the Ba2+ step produced a quick secretion peak (368 ng/10 s), which inactivated slowly; the peak obtained after repolarizing the cells was similar to the previous one (378 ng/10 s). Thus, depolarization by itself, in the absence of Ca2+, does not seem to be sufficient to cause a substantial inactivation of Ca2+ entry. This is corroborated by the fact that after a 5-min depolarization with 100K+/ OCa2+, a Ca2+ step still evoked a peak catecholamine release of 600 ng/10 s (data not shown).
The hypothesis of Caj+-dependent inactivation of Ca2+ entry was directly tested by measuring the changes of [Ca2I] using protocols similar to those employed for secretion in Figs. 3 and 4 . The Ca2+ step evoked an initial sharp peak of Caj+ to 1500 nM; CaO+ removal under continued depolarization and its subsequent reintroduction caused only a minor Caj+ increase. Repolarization ofthe cell caused another Caj+ peak (1200 nM) upon a third Ca2+ step (Fig. 3A) . The initial Ca2+ ramp (Fig. 4A ) produced a slow increase in the [Ca2+]j, which reached a plateau at =300 nM. After a 5-min period in 100K+/OCa2+, a Ca2+ step produced a small, slowly developing increase of [Ca2+]j, which oscillated between 200 and 300 nM. After a further 5-min period in 5.9K+/OCa2+, the Ca2+ step produced a sharp elevation of the [Ca2+]i to a peak of 800 nM, which inactivated to a plateau of 200 nM with a tl2 of about 60 s (Fig. 4A) . Thus, a large secretion peak was always associated with a steep Ca?+ peak, which can obviously be achieved only when Ca2+ channels are wide open and they see a brisk increment of the [Ca2+]0. These data stress the high sensitivity of the inactivating mechanism of Ca2+ channels to Ca2+ and agree with a previous study showing the parallel inactivation of 45Ca2+ uptake into and [3H]noradrenaline release from K+-depolarized chromaffin cells (30) .
Bay K 8644 is known to induce long-lived openings of L-type Ca2+ channels in bovine chromaffin cells (31) . Therefore, it was an adequate tool to explore the Ca2+-entry component of the regulation of secretion. Fig. 5A shows that in the presence of a mild depolarizing stimulus (17.7 mM K+) together with Bay K 8644 (1 ,uM), a Ca2+ step evoked a catecholamine secretion peak of 600 ng/10 s (n = 2). Although the activation and inactivation of secretion were slightly delayed with respect to the curve obtained with 100K+/2.5Ca2+, the response was also transient and the release of catecholamines declined to basal levels in spite of the continued depolarization with 17.7 mM K+ in the presence of Bay K 8644. Under these conditions, the [Ca2+] increased to a peak of 600 nM and then declined to a stable plateau of =400 nM (Fig. SA) 
